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Abstract:



Gold (3 wt. %) catalysts on Y-doped (1, 2.5, 5 and 7.5 wt. % Y2O3) ceria supports prepared by coprecipitation (CP) or impregnation (IM) were studied in complete benzene oxidation (CBO). A low-extent Y modification was chosen to avoid ordering of oxygen vacancies. The samples were characterized by XRD, TGA, XPS and TPR techniques. A positive role of air pretreatment at 350 °C as compared to 200 °C was established for all Y-containing catalysts and it was explained by cleaning the active sites from carbonates. The oxygen supply cannot be considered as a limiting step for benzene oxidation except for the high 7.5%-doped samples, as suggested by TGA and TPR data. On the basis of XPS results of fresh and used in CBO catalysts, the presence of cationic gold species does not seem important for high CBO activity. The gold catalyst on an IM support with 1% Y-doping exhibited the best performance. A 100% benzene conversion was achieved only over this catalyst and Au/ceria, while it was not reached even at 300 °C over all other studied catalysts. Gold and ceria particle agglomeration or coke formation should be excluded as a possible reason, and the most probable explanation could be associated with the importance of the benzene activation stage.
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1. Introduction


Catalytic oxidation is considered one of the most promising technologies for the abatement of volatile organic compounds (VOCs) as hazardous and toxic air pollutants. A strong economic impact is related to the selection of catalysts with high activity and selectivity at relatively low temperatures. In a recent review by Scire and Liotta ([1] and references therein), gold-based catalysts were suggested as promising candidates for the total oxidation of VOCs. The influence of different factors, such as the nature and the properties of the support, the gold particle size and shape, the electronic state of the gold, the preparation method and the pretreatment conditions of catalysts, have been discussed in details. The authors summarized that the predominant opinion for the total oxidation of VOCs over gold supported on reducible oxides is that the reaction takes place thorough the Mars-van Krevelen mechanism with the participation of active oxygen supplied by the surface of the oxide support followed by reoxidation with the oxygen from the gas phase. A high activity could be expected for the readily reducible metal oxide supports. In this regard, ceria is a very appropriate support for gold catalysts, because of its ability to maintain a high gold dispersion and to take part in the oxidation reaction providing active oxygen species [2,3,4,5,6].



Aromatics are among the major families of VOCs from industrial and automotive emissions. Studies of nanosized gold on ceria-containing supports have revealed their successful use in the complete oxidation of benzene as a stable model aromatic molecule [7,8,9,10,11,12,13]. It is known that CeO2 modification with proper metal dopants leads to a defective structure (in particular the formation of oxygen vacancies), increasing the oxygen mobility in the ceria-based catalysts. Studying complete benzene oxidation (CBO) over gold catalysts on ceria doped with MeOx (Me = Fe, Mn, Co and Sn), Ilieva et al. [14] came to the conclusion that in some cases, independent of the easy oxygen provision enhanced by gold and ceria modification, the most essential factor responsible for the high oxidation activity could be related to the activation of the very stable benzene molecule.



In the present study, the impact of the Y-doping of ceria on the catalytic properties of gold (3 wt. %) catalysts on CBO was investigated. Gold over undoped CeO2 was used as a reference. Very recently, the catalytic performance in the preferential CO oxidation in the H2 reach stream (PROX) was studied over this type of gold catalyst [15]. In order to avoid the ordering of oxygen vacancies established in the literature for heavy yttrium doping ([16,17,18] and references therein), a low-extent Y modification of ceria (up to 7.5 wt. % Y2O3, i.e., 11 at. % Y) was chosen. Research on the use of Y-doped ceria as a support of gold catalysts in CBO has not been found in the reported literature. The aim of the study was to clarify the effect of the pretreatment procedure, the role of the state of the gold and the features of the differently prepared Y-doped ceria supports on the CBO activity.




2. Results and Discussion


2.1. Catalytic Activity Measurements and TGA/QM Analysis


The catalytic activity data in CBO are expressed as the temperature dependence of the benzene conversion degree. In all cases, the benzene oxidation was complete—no intermediate products of partial oxidation were detected.



The catalytic results of gold catalysts on or supports prepared by impregnation (IM) or coprecipitation (CP) with the same dopant amount after pretreatment in air at 200 °C or 350 °C are compared in Figure 1A.


Figure 1. Section A: Comparison of the catalytic activity in complete benzene oxidation (CBO) over gold catalysts on ceria with different Y-doping after pretreatment in air at 200 °C and 350 °C; Section B: TPD results of the corresponding catalysts after oxygen adsorption at 200 °C or 350 °C.
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It is seen that the catalytic activity in CBO over gold catalysts on Y-doped ceria depends on the air pretreatment conditions: the positive role of the treatment at 350 °C is visible especially in the low temperature range. Unlike the registered CBO activities over the Au/ceria catalyst, which were quite the same, independent of the pretreatment temperature. The explanation could be related to the role of the pretreatment procedure for cleaning the active sites from carbonates. Differences in CO2 removal during heating in air of gold catalysts on bare ceria and Y-modified ceria were observed comparing the registered mass quadrupole spectra (QM ) spectra (TGA analysis step 2, Experimental Section). Generally, the CO2 evolution after heating in air at 350 °C was more intensive as compared to that at 200 °C for all Y-containing gold catalysts. The trend was more strongly expressed for the gold catalysts on IM as compared to the CP-prepared supports.



The results are illustrated in Figure 2, where (for the interest of space) only results pertaining to the selected Au1YCeIM (Figure 2A) and Au1YCeCP (Figure 2B) catalysts are given.


Figure 2. QM spectra of gaseous species N2, O2, and CO2 flowing during the TGA analyses carried out over the catalysts: (A) Au1YCeCP pretreated in air at 200 °C (a) and at 350 °C (b); (B) Au1YCeIM pretreated in air at 200 °C (a) and at 350 °C (b); (C) AuCe pretreated in air at 200 °C (a) or at 350 °C (b).
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The similarity of the CBO activities of Au/ceria for both pretreatment temperatures is in agreement with the similar CO2 QM signals registered for AuCe during air pretreatment at 200 °C and at 350 °C (see Figure 2C). The oxygen consumption peak is clearly visible at the beginning of step 2 for Au1YCeIM350 as well for Au1YCeCP200 samples, confirming that some oxygen is consumed from the gaseous phase. We do not see such consumption for AuCe200 and AuCe350, most probably because it is very small due to the lower amount of carbonate species in this case.



These observations are in accordance with the study of Vayssilov et al. [19]. On the basis of a combined density functional and IR spectroscopy investigation, the authors reported a stronger carbonate bond with the ceria surface having oxygen vacancies as compared to the surface free of vacancies. In our study, vacancy formation is caused by Y3+-doping; moreover, the vacancy generation by IM is mainly at the surface because this method of support preparation leads to the predominant surface modification of ceria [15]. The obtained TGA/QM data of the CO2 evolution could satisfactorily explain why the air treatment at 200 °C is enough for the cleaning of carbonates of the bare ceria surface but in the case of Y-doping a better effect appears after heating at the higher temperature.



Another reason for better activity after the higher-temperature treatment in air could be sought in the active oxygen supply. During the TGA measurements with air being introduced over the catalysts at 200 °C and 350 °C, the O2 consumption peaks were detectable and the subsequent TPD experiments showed different amounts of oxygen desorption. The TGA curves, corresponding to step 5 (see the Experimental Section) are shown in Figure 1B for those catalysts for which CBO activity is respectively displayed in section A. A correlation between the catalytic activity and the amount of released oxygen, measured as weight loss (%) versus temperature, is seen only for 7.5% Y2O3 doping. The step of active oxygen supplying via the Mars-van Krevelen mechanism has to be related to the redox transfer Ce4+↔Ce3+, accompanied by the filling and emptying of the adjacent oxygen vacancies. It was already mention that in the present study, the variation of the Y amount was limited to 11 at. % Y (7.5 wt. % Y2O3) to avoid vacancy ordering in the case of heavy Y-doping above 10–15 at. % [16,17,18]. However, clustering of Y3+ cations at the ceria surface cannot be excluded [20]. The surface microstructures of oxygen vacancies around clustered Y3+ cations with a stable valence state will not participate in the redox process, hindering the provision of oxygen. That is why the oxygen supplying could start to be a limiting step for the gold catalysts with a 7.5% dopant amount. In the large excess of O2, the redox transfer Ce4+↔Ce3+ is a fast process and we do not see a correlation between TPD and the catalytic activity data for the catalysts with a lower Y doping.



Figure 3 shows the comparison of CBO activity over the studied gold catalysts after air pretreatment at 350 °C. The catalytic activity at 150 °C is the highest for gold on bare ceria. Above this temperature the best performance is exhibited by the Au1YCeIM catalyst. The benzene conversion reached 100% at 250 °C for both Au1YCeIM and AuCe samples. The long-term experiment over Au1YCeIM catalyst at 250 °C during 24 h showed no decrease of the 100% benzene conversion. The catalytic behavior of other gold catalysts on Y-doped ceria, with the exception of Au7.5YCeIM (significantly worse activity up to 220 °C), did not differ very substantially and in all cases 100% conversion was not registered, even at 350 °C.


Figure 3. Catalytic activity in CBO after pretreatment in air at 350 °C over studied Y-containing gold catalysts and AuCe.
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2.2. Sample Characterization


The BET surface area and the average size of the ceria and gold crystallites estimated by XRD are given in Table 1. The surface area of AuCe is the highest one, and for the Y- containing samples it is in the range of 90–56 m2·g−1; a tendency for lower values in the case of the highest Y amount in the supports prepared by both methods is seen.



Table 1. BET surface area (SBET), mean size (D) of ceria and gold crystallites estimated by XRD.







	
Sample

	
SBET (m2·g−1)

	
DXRD(CeO2) (nm)

	
DXRD(Au) (nm)






	
AuCe

	
102.4

	
5.7(1) *

	
4.1




	
Au1YCeIM

	
87.2

	
7.1(6)/6.7(1) a

	
4.0/2.8; 5.1 a,b




	
Au2.5YCeIM

	
83.2

	
5.3(8)

	
3.7




	
Au5YCeIM

	
76.1

	
7.2(6)

	
4.5




	
Au7.5YCeIM

	
55.9

	
6.7(2)

	
3.2




	
Au1YCeCP

	
90.0

	
8.1(2)/7.3(1) a

	
5.8/5.7 a




	
Au2.5YCeCP

	
88.7

	
5.1(8)

	
5.3




	
Au5YCeCP

	
82.4

	
4.3(8)

	
5.4




	
Au7.5YCeCP

	
60.1

	
4.7(9)

	
5.2








* The numbers in brackets for D(CeO2) give the statistical error (determined as the error of regression) of the last figure of the number. For the D(Au) parameter, the error is difficult to estimate as the values resulted mostly from one peak (111), with the other (220) being barely visible; a used catalyst; b bimodal distribution.








The X-ray diffractograms of all catalysts (Figure 4, upper section) were similar, showing only the diffraction lines of the cubic crystal structure of ceria and very weak reflections at 2Θ = 38.2°, typical of metallic Au (1 1 1). A second phase of Y2O3 was not visible; however, the presence of Y2O3 crystals not detectable by XRD for the IM-prepared supports was evidenced by measuring the interplanar distances in selected HRTEM images [15]. The estimated average size of ceria crystallites was in the range of 4–8 nm (Table 1), without a clear dependence on the support preparation method and the Y amount.


Figure 4. Close up of the (1 1 1) peaks of gold in the XRD patterns of the studied gold catalysts. Inset shows the similarity in the X-ray diffractograms of all catalysts is illustrated.
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A close-up of the (1 1 1) peaks of gold is presented in the lower section of Figure 4. It is seen that the evaluation of the gold crystallite size requires proper background estimation and some notable differences in the previously reported data [15] could be attributed to the background assessment. In the current evaluation resulting in the Table 1 data, all peaks in the background were chosen in a consistent way: the ceria reflections were fitted to doublets of Pearson VII analytical peak-shape corresponding to Kα1 and Kα2 constituents (2:1) of the Kα copper emission line and the remaining background to a smooth polynomial function. The background could be slightly modified to assure a perfect fit and the procedure iterated. The background of Au peaks appeared thus naturally as superimposed slopes of the neighboring ceria peaks. For each pattern, the possibility of a bimodal size distribution with a broad intensity contribution over a wide angular range was tested for a stable fit.



The similarity in the average size of gold for all catalysts (Table 1) is consistent with the statistically obtained values on the basis of HRTEM measurements in a previous study [15]. Through a careful analysis of HRTEM and Z contrast (HAADF) images, reliable particle size measurements were made in order to obtain the size distribution histograms and the average size of the gold crystallites. The results showed highly dispersed gold with similar average particle sizes in the range of 2.1–3.5 nm (in some cases the quantity of highly dispersed gold was accompanied by rarely distributed crystallites bigger than 10 nm) [15].



The ceria and especially gold agglomeration during the catalytic work could be a possible reason for the observed experimental fact that, except for the AuCe and Au1YCeIM catalysts, the 100% conversion was not registered even at 350 °C over all the other samples. Studying different Au/ceria catalysts in complete benzene oxidation, Ying et al. [21] reported that the sintering of gold under reaction conditions easily caused deactivation. In the present investigation, the eventual ceria or gold particle agglomeration during the catalytic work was checked. The results of XRD measurements with the Au1YCeIM and Au1YCeCP catalysts used in CBO are also given in Table 1. A slight decrease in the average size of the ceria crystallites was observed. The explanation could be similar to the already-reported observation related to the Pr-doped ceria supports: an increased number of small nanocrystals of ceria detectable by XRD is built up from the previously amorphous part of the fresh material, thus shifting the average size of the ceria in the used sample towards a lower value; the suggestion was proved by means of TEM measurements [22]. The XRD data for the used Au1YCeIM showed a bimodal distribution of gold crystallites, while for the less active Au1YCeCP, the gold’s average size after catalytic work was practically the same as the fresh catalyst. The results reveal that neither ceria nor gold particle agglomeration could be the reason for the noted differences in CBO activities.



The reducibility of the samples was evaluated by means of TPR measurements. The reduction of ceria proceeds in two steps: the reduction of the surface layers at around 500 °C and the bulk reduction at higher temperatures (over 800 °C) [23]. Since the first reports 15 years ago [24,25], many studies have shown that the addition of nanosized gold causes a significant temperature lowering of the reduction of ceria surface layers.



In Figure 5A–D, the TPR profiles related to the surface reduction of the studied gold catalysts are compared in the low-temperature interval which is of interest for catalysis.


Figure 5. TPR profiles of the studied gold catalysts in the temperature interval of ceria surface layer reduction: (A) Catalysts containing 1 wt. % dopant and AuCe as a reference; (B) Catalysts containing 2.5 wt. % dopant and AuCe as a reference; (C) Catalysts containing 5 wt. % dopant and AuCe as a reference; (D) Catalysts containing 7.5 wt. % dopant and AuCe as a reference.
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The TPR profile of gold/ceria is shown as a reference. The TPR peaks related to the ceria surface reduction of all gold catalysts on Y-doped ceria did not differ very significantly. They are complex, composed of lower- and higher-temperature parts, with the last one located in the temperature range of the AuCe surface reduction. This result of the partially enhanced reduction of Au/doped ceria is indicated in the role of Y modification. A tendency for a lower first Tmax for the catalysts on IM-prepared supports as compared to the CP preparation is visible (except for the 7.5 wt. % dopant amount). This should be due to the effect of gold with a slightly lower average size (Table 1) as well as to the easy oxygen removal in the case of the IM method leading to a predominant surface modification (proven by Raman spectroscopy results [15]). The observed difference for the sample on the IM-prepared support with 7.5 wt. % doping could be ascribed to the higher amount of the separate unreducible Y2O3 phase caused by this method of preparation (evidenced by HRTEM [15]) which hinders the ceria surface reduction. Below, the reduction processes related to the Au7.5YCeIM and Au7.5YCeCP catalysts are considered in more detail.



The theoretical values of hydrogen consumption for the reduction of ceria surface layers according to literature data are limited to 17% [26] or 20% [27]. It means that there is a stoichiometric H2 consumption of 0.49–0.58 mmol·g−1 for pure ceria and a stoichiometric H2 consumption in the range of 0.49–0.57 mmol·g−1 to 0.46–0.54 mmol·g−1 for the ceria doped with 1–7.5 wt. % Y2O3, respectively. The H2 consumption for some positively charged reduction of gold particles is negligible and can be ignored. The values of H2 consumption evaluated on the basis of experimentally obtained TPR data are given in Table 2.



Table 2. Experimental H2 consumption calculated for the temperature range characteristic for ceria surface layer reduction of the studied gold catalysts.







	
Catalysts

	
H2 Consumption (mmol·g−1)




	
CP

	
IM






	
AuCe

	
0.54




	
Au1YCe

	
0.69

	
0.62




	
Au2.5YCe

	
0.87

	
0.59




	
Au5YCe

	
0.80

	
0.61




	
Au7.5YCe

	
0.78

	
0.63










The H2 consumption of AuCe equal to 0.54 mmol·g−1 corresponds to 18.7% of the total H2 amount needed for ceria reduction. All gold catalysts on Y-doped ceria show a participation in the reduction process of some oxygen coming from the bulk layers (experimental H2 consumption >20% degrees of reduction). Besides, a tendency of relatively higher H2C in the case of the CP method as compared to the IM mode of preparation can be seen in Table 2.



The explanation was sought in the differences in the Y-doped ceria structure depending on the method of the synthesis of supports. For keeping the neutrality in the case of the surface layer Y3+ enrichment of IM-prepared supports, a bigger amount of oxygen vacancies is created and it causes: (i) improved oxygen mobility related to the above-mentioned first Tmax in the TPR; (ii) less oxygen in the ceria surface layers available for the reduction process, leading to the observed lower H2 consumption of gold catalysts on IM as compared to CP supports. Despite the systematically lower oxygen supply of the IM samples, the CBO performance of Au1YCeIM was better than that of the Au1YCeCP catalyst (Figure 3) and no substantial activity differences depending on the preparation method were observed for the gold catalysts with 1, 2.5 and 5 wt. % Y2O3. The observations are in accordance with the above-discussed relationship between catalytic and O2-TPD results, guiding us to the supposition that the provision of oxygen was not a limiting step for the catalysts with these dopant amounts. The oxygen supply became important only for the case of 7.5% doping. Correspondingly, especially in the low temperature range, the CBO activity over gold catalysts with this Y concentration depends on the preparation method: a higher benzene conversion over Au7.5YCeCP than that over the Au7.5YCeIM sample was registered (Figure 3). A relevant explanation should be connected to the reducibility of the catalysts. The TPR behavior in this case was studied in more detail. Each complex TPR process related to the gold catalysts on the 7.5% Y-doped support prepared by IM or CP had been simulated considering the equation for the rate of the reduction [28]. The TPR profiles of Au7.5YCeIM (Figure 6A) and Au7.5YCeCP (Figure 6B; it is visible that the peak is not single as it is not symmetric), as well as that of all Y-doped catalysts prepared either by the IM or by CP method, were complex. They were deconvoluted into peaks respective to the individual reduction processes (dotted lines). A good fit between the computed (full line) and the experimental TPR curve (bold full line) could be achieved, taking into consideration the two individual processes. This means that there are two types of oxygen which have different mobilities, and the eventual reason could be their different distances to the gold and/or to Y3+ with the created oxygen vacancies. The corresponding two peaks have different intensities but their relative parts are 60% and 40% for both the Au7.5YCeIM and Au7.5YCeCP samples. The difference between Au7.5YCeIM and Au7.5YCeCP catalysts is seen in comparing the Tmax. In the case of the CP method, the reduction processes of the ceria surface layers occur with almost the same Tmax at about 95 °C. For Au7.5YCeIM, oxygen with a different facility of surface reduction (Tmax of the second peak was at a higher temperature, at around 130 °C) exists.


Figure 6. TPR profiles of Au7.5YCeIM (A) and Au7.5YCeCP catalysts (B): full lines—experimental curve (bold) and fitted calculated curve, dotted lines—peaks corresponding to the individual reduction processes.
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The separate unreducible Y2O3 phase formed by IM preparation on the ceria surface with a higher Y3+ concentration could cause both the lower reducibility (see also the H2 consumption in Table 2) and oxidation activity of the Au7.5YCeIM catalyst. The eventual positive role of nanosized Au/Y2O3 with a contribution to the Au/modified ceria reactivity is expected for the 1% doping, as a phase of bigger particles could be formed by a higher Y concentration. Actually, the highest CBO activity was registered over the Au1YCeIM catalyst; this was the only sample with a better CBO performance as compared to gold on bare ceria. In agreement, Guzman and Corma have established that nanocrystalline Y2O3 stabilized active species of gold and increased the CO oxidation activity [29]. Low total ethyl acetate and toluene oxidation activity have been reported by Carabineiro et al. [30] for gold supported on commercial Y2O3 (big average crystallite size of 43 nm).



The correlation between the state of the gold species and the activity in the total VOCs oxidation is still under debate [1]. The participation of cationic gold in VOCs oxidation has been proposed by several authors, whereas a predominant role of gold in the metallic state has been reported by another research group. An opinion that the Au electronic state does not significantly influence the catalytic activity, because the role of gold is secondary to that of the support, also exists ([1] and references therein). Andreeva et al. [9] have found that Au/CeO2, Au/MoOx/CeO2, and Au/MoOx/CeO2–Al2O3 fresh catalysts contained exclusively Au0, whereas some positively charged gold was present on the AuCeAl catalysts, found to be less active in the benzene oxidation. In the present study, the XPS measurements were performed with selected gold catalysts representing the best (Au1YCeIM) and poorest (Au1YCeCP) catalytic behavior. The high-resolution (HR) XP spectra of Au 4f7/2, Ce 3d5/2 and C 1s were recorded for both catalysts: fresh, in situ oxidized following the oxidative pre-treatment procedure at 350 °C, and used in CBO. The HR spectra analysis data are illustrated in Table 3. The Au 4f spectra recorded on corresponding samples are compared in Figure 7. For both fresh catalysts the positively charged Au species (Auδ+) with a binding energy (BE) higher than 85.0 eV were detected in addition to metallic gold (Au0) with a BE of 84.1–84.2 eV (Figure 6A,D, respectively). The relative contribution of Auδ+ species in the Au1YCeIM catalyst was lower than in the Au1YCeCP sample. The slightly lower content of Auδ+ species after the Au1YCeIM oxidative treatment could be explained by the agglomeration of some very small Au particles. This supposition is well supported by full wight at half maximum (FWHM) values of the recorded Au 4f peaks: 1.69 for the fresh Au1YCeIM sample and 1.44 after its oxidative treatment. The lower FWHM value indicates a smaller dispersion of Au nanoparticles after the oxidation procedure. The Auδ+ amounts evaluated for both samples were found to be similar. However, for the Au1YCeCP sample a small contribution (3.5%) of Au species at a higher BE, assigned to the Au3+ species, was registered as well (Table 3).


Figure 7. Comparison of experimental and fitted Au 4f XPS spectra of: (A) Au1YCeIM as received; (B) Au1YCeIM in situ oxidized at 350 °C; (C) Au1YCeIM used in CBO; (D) Au1YCeCP as received; (E) Au1YCeCP in situ oxidized at 350 °C; and (F) Au1YCeCP used in CBO.
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Table 3. XPS data of the studied samples.







	
Catalyst

	
Au 4f7/2

	
Ce 3d5/2 (Ce3+)

	
O 1s

	
C 1s

	
Au/Ce

	
Y/Ce




	
BE (eV)

	
Area (%)

	
BE (eV)

	
(at. %)

	
BE (eV)

	
(at. %)

	
BE (eV)

	
(at. %)

	

	






	
Au1YCeIM as received

	
84.07 (Au0)

85.59 (Auδ+)

	
81.8

18.2

	
880.73

884.53

	
35.7

	
529.46(O2−)

531.89(-OH)

	
45.6

15.2

	
285.22 (C-C,C-H)

286.72 (C-OH)

288.22 (C=O)

	
12.6

2.2

1.6

	
0.022

	
0.041




	
Σ = 16.4




	
Au1YCeIM oxidized at 350 °C

	
84.10 (Au0)

85.63 (Auδ+)

	
84.4

15.6

	
880.68

884.11

	
28.4

	
529.49 (O2−)

531.64 (-OH)

	
49.0

12.0

	
285.27 (C-C,C-H)

286.77 (C-OH)

288.27 (C=O)

	
10.1

1.0

2.9

	
0.022

	
0.042




	
Σ = 14.2




	
Au1YCeIM used in CBO

	
83.88 (Au0)

	
100

	
880.78

885.05

	
33.6

	
529.48 (O2−)

531.82 (-OH)

	
51.4

13.1

	
285.15 (C-C,C-H)

286.50 (C-OH)

	
8.9

0.7

	
0.019

	
0.035




	
Σ = 9.6




	
Au1YCeCP as received

	
84.20 (Au0)

85.18 (Auδ+)

	
58.7

41.3

	
880.65

885.13

	
30.9

	
529.54 (O2−)

531.85 (-OH)

533.31(C-O-C)

	
47.0

13.9

3.1

	
285.00 (C-C,C-H)

286.35 (C-OH)

287.76 (C=O)

	
8.8

3.7

0.4

	
0.023

	
0.029




	
Σ = 12.9




	
Au1YCeCP oxidized at 350 °C

	
84.05 (Au0)

85.01 (Auδ+)

86.25 (Au3+)

	
56.5

40.0

3.5

	
880.50

884.64

	
27.0

	
529.47 (O2−)

531.71 (-OH)

	
53.2

11.9

	
285.01 (C-C,C-H)

285.70 (C-OH)

287.77 (C=O)

	
5.0

4.6

0.2

	
0.024

	
0.026




	
Σ = 9.8




	
Au1YCeCP used in CBO

	
83.90 (Au0)

85.25 (Auδ+)

	
90.3

9.7

	
880.24

885.09

	
28.8

	
529.45 (O2−)

532.64 (-OH)

	
30.0

29.0

	
285.01 (C-C,C-H)

286.51 (C-OH)

289.51 (COOH)

	
12.4

8.9

4.2

	
0.022

	
0.076




	
Σ = 25.4










After the catalytic test in CBO, only metallic gold was detected for the highly active Au1YCeIM used catalyst (Figure 7C), while some amount of positively charged gold species was evidenced for the spent, less active Au1YCeCP (Figure 7F). In relation to the unresolved question about the role of the state of the gold, these results revealed that the cationic gold species cannot be supposed as important for high CBO activity.



Both Ce4+ and Ce3+ surface cations exist in all studied catalysts. As expected, the contribution of Ce3+ was relatively lower after the oxidative treatment. Comparing the used Au1YCeIM and Au1YCeCP samples, the ceria surface of the spent, less active Au1YCeCP catalyst was reduced to a relatively lower extent (28.8 at. % Ce3+) as compared to the highly active Au1YCeIM (33.6 at. % Ce3+).



With respect to the surface atomic ratios in all studied catalysts, the amount of surface gold is a little less than the nominal one (0.03). The Y/Ce atomic ratios are larger than the analytical one (0.016), showing ceria surface enriched by Y3+ This effect is stronger for the fresh and air-pretreated Au1YCeIM as compared to the Au1YCeCP catalyst, in agreement with the IM preparation leading to the predominant surface modification and a separate Y2O3 phase. However, surprisingly, the Y/Ce ratio in the Au1YCeCP sample used in CBO is very high (0.076)—different from the sample on the IM support (0.035), the catalytic work caused a significant Y3+ segregation at the Au1YCeCP surface.



The spectra in the O 1s region could be separated in two contributions due to the lattice oxygen (a BE between 529.0 and 530.3 eV [31]) and hydroxyl species (except fresh Au1YCeCP with a supplemental small contribution of oxygen in the C-O-C bond). Fewer –OH groups were detected after the pretreatment in air at 350 °C but they still exist; for ceria, the elimination of residual hydroxyls through thermal decomposition under air requires a relatively high temperature (above 600 °C [31]). In both fresh Au1YCeIM and Au1YCeCP catalysts, the at. % of the lattice oxygen is comparable (45.6 and 47.0%, respectively). The treatment in air at 350 °C leads to its increase—slightly higher in the case of the CP support. Interestingly, in the used Au1YCeIM catalyst highly active in CBO, the oxygen amount is kept the same as in the air-pretreated initial sample, while in the case of less active Au1YCeCP, it is significantly lower (only 30 at. %). It means that the surface reoxidation in the last case is hard up and this could be one of the reasons for the lower oxidation activity. The observation is in agreement with the above-drawn conclusion for the Y segregation at the Au1YCeCP surface. It means that there is enrichment by unreducible Y3+ ions surrounded by oxygen vacancies which do not participate in the reoxidation process, resulting in the lack of oxygen supply.



A careful analysis of C 1s spectra revealed the coexistence of various carbon-like species at the surface of both measured fresh catalysts (see Table 3). However, it is not possible to discuss the presence of carbonates using the XPS spectra as it is known that the BE position of carbon in carbonate species (COOH) is within the range of 288.4 to 290 eV and it is overlapped with the broad Ce 4s peak of 289.4 to 289.7 eV [31,32,33]. It is interesting to note that the total amount of C in the less active Au1YCeCP catalyst used in CBO is considerably higher than in the corresponding Au1YCeIM sample (25.4 and 9.6 at. %, respectively). One possible reason for the observed course of the Au1YCeCP benzene conversion curve (no 100% conversion reached) could be related to the coke formation. Unfortunately, in the C 1s XPS spectra fitting it appeared impossible to distinguish the carbon originating from coke and other C-like surface contaminants in any reasonable way. EPR measurements were performed with used Au1YCeIM and Au1YCeCP catalyst in order to clarify this issue. The attention was focused on the signal related to the presence of coke. Even in the 10-fold increased EPR spectra at −150 °C, in the magnetic field range of 320–335 mT, no signal at g = 2.003 due to carbon radicals [34] was detected for either of the spent samples, thereby excluding coke formation as a reason for the different catalytic properties.



On the basis of all the obtained results, the most probable explanation of the established catalytic behavior of gold catalysts on Y-modified ceria in CBO with regard to 100% benzene conversion could be associated with: (i) the importance of surface reoxidation during the redox process of CBO; (ii) the importance of the benzene activation stage. It is in agreement with the previously discussed suggestion [14] that depending on the catalytic system, the key factor for the high oxidation activity could not be the oxygen supply but the activation of the very stable benzene molecule.





3. Experimental Section


3.1. Sample Preparation


Two different methods, namely wet impregnation (IM) and co-precipitation (CP), were used for preparation of Y-doped ceria supports (1, 2.5, 5 and 7.5 wt. % of Y2O3). Bare ceria was synthesized by precipitation of aqueous solutions of cerium(III) nitrate (Sigma-Aldrich GmbH, Buchs, Switzerland) with solution of K2CO3 (Sigma-Aldrich GmbH) keeping constant temperature (60 °C) and pH (9.0). Using IM method ceria was impregnated with aqueous solutions of calculated amounts of Y(NO3)3·6H2O (Alfa Aesar GmbH & Co KG, Karlsruhe, Germany) under stirring within 4 h at room temperature. Then, the complete removal of the water was carried out in a rotary evaporator at 70 °C. Using CP method, mixed solutions of Ce(NO3)3·6H2O and Y(NO3)3·6H2O at a necessary amounts were co-precipitated with a solution of K2CO3 under the conditions described above for precipitation of bare ceria. The precipitates were subjected to aging at 60 °C for 1 h under stirring. Further, the precipitates were filtered and washed carefully until absence of NO3− ions. The thermal treatment included drying in vacuum at 80 °C and calcination at 400 °C for 2 h. Depending on the preparation route, the supports were labeled as xYCeIM and xYCeCP, where x corresponded to the wt. % of Y2O3, i.e., 1, 2.5, 5 and 7.5.



Gold catalysts (3 wt. %) were prepared by deposition-precipitation method. Gold was deposited onto the supports preliminary suspended in water by ultrasound. The interaction between aqueous solution of gold precursor (HAuCl4·3H2O, 49.81% Au, Johnson Matthey, Hertfordshire, England) and K2CO3 was performed at constant pH = 7.0 and temperature of 60 °C in an ‘‘Contalab’’ automated laboratory reactor (Contraves, AG Switzerland) under full control of synthesis parameters (temperature, pH, reactant feed flow rates, stirring speed, etc.). After filtering and careful washing, the precursors underwent the same thermal treatment as supports. The gold catalysts were labeled as AuxYCeIM and AuxYCeCP, correspondingly.



All the initial salts used were “analytical grade”.




3.2. Sample Characterization


The BET surface area of the samples (SBET) was measured by Carlo Erba Sorptomatic 1900 instrument (Milan, Italy) with fully computerized analysis of the isotherm of N2 adsorption at −196 °C. The standard pressure used was in the range 0.05–0.3 p/po. The samples were outgassed for 30 min at 200 °C under vacuum before the SBET determination.



The actual gold loading was measured by means of Atomic Absorption spectroscopy on an apparatus Varian Vista MPX. It was found the presence of 3 (±0.05) wt. % gold for each catalyst.



Powder diffraction data (XRD) were collected with D5000 diffractometer (Bruker AXS, Karlsruhe, Germany). The setup used Cu sealed tube (40 kV, 40 mA), Bragg-Brentano focusing geometry, slits set for 1 deg. beam divergence and 192 strips silicon strip detector (LynxEye from Bruker AXS, Karlsruhe, Germany). The diffraction patterns were analyzed with help of PeakFit program (Jandel Scientific, Corte Madera, CA, USA) as well as using Fityk (Copyright 2001–2014 Marcin Wojdar, Warszawa, Poland) to fit the XRD maxima (Kα 1,2) of PEARSON VII analytical form. Ceria crystallographic phase had estimated its lattice constant, crystal size and strain using 14 measured reflections via extrapolation as well as Williamson Hall plot [35,36]. The crystal size refers to a volume weighted average value of the ordered atom column length over all crystallographic directions represented by the peak Miller indices. The gold crystallite size estimation posed difficult problem due to low intensity of fcc Au peaks. In most cases only 111 peak detectable on the slope of ceria reflection was available to analysis. Then the challenging problem is the peak background estimation. We based on the wide angle fit of ceria peaks and smooth polynomial background. For the analysis of the remaining Au intensities we attempted to use peak intensity estimates from the weighted contents of Au in the sample and subsequent determination of the integral width of the peak (the peak area divided by its height). The latter value is known to be less dependent on the width and shape of the size distribution.



Thermogravimetric analyses (TGA) were performed with a TGA/DSC1 STAR system (Mettler Toledo AG, Schwerzenbach, Switzerland). A first series of experiments were carried out as it follows: the sample (20 mg) was pretreated in N2 (99.999% Rivoira, Milan, Italy, 30 mL·min−1) from room temperature (r.t.) to 200 °C (rate 5 °C/min) and cooled down to r.t. (rate 10 °C/min) (step 1); then it was heated under pure air (99.999% Rivoira, Milan, Italy, 30 mL·min−1) from r.t. to 200 °C or to 350 °C (treatment labeled 200 or 350, respectively) (holding time 1 h) (step 2). The cooling down step to r.t. was performed still under air (step 3). All the physisorbed oxygen was removed by purging at r.t. with N2 (99.999% Rivoira, Milan, Italy, 30 mL·min−1) for 30 min (step 4). After that, the temperature programmed desorption was started under N2 (99.999% Rivoira, Milan, Italy, 30 mL·min−1) by heating (rate 5 °C/min) from room temperature up to 500 °C (step 5). Step 1 under N2 was performed in order to remove any adsorbed water or carbonate species; steps 2, 3 aimed oxygen chemisorption; step 4 under N2 removed all the physisorbed oxygen species; the weight loss due to the removal of chemisorbed oxygen species occurring during step 5 was taken into account in order to evaluate the catalyst oxygen affinity. In order to monitor the evolution of gaseous species occurring during the above mentioned steps, mass quadrupole spectra were registered by using an online instrument (ThermostarTM, Balzers, Liechtenstein). Such spectra were denoted in the text as QM spectra.



PHI 5000 VersaProbe (ULVAC-PHI, Inc. 370 Enzo, Chigasaki, Kanagawa, Japan) spectrometer with monochromatic Al-Kα radiation (hν = 1486.6 eV) from an X-ray source operating at 100 µm spot size, 25 W and 15 kV was used for the registration of the XP spectra. The analyzer pass energy was 23.5 eV, an electron take-off angle was 45° and the energy step size was 0.1 eV. Prior to the analysis the samples were pressed into thin wafers and degassed in a load lock chamber. The XPS data were evaluated using CasaXPS software (Neal Fairley, Casa Software Ltd. 26 Burford Crescent, Wilmslow, Cheshire, Sk9 6BN, UK) and set of sensitivity factors supplied by PHI. The decomposition of all HR XP spectra was performed using a Shirley background subtraction and a Gaussian peak shape with 30% Lorentzian character. In order to correct the charging effects, the Ce 3d3/2 peak (usually described as the u''' peak) was adjusted to a position of 916.65 eV as a medium value from 24 reliable publications [37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60].



The TPR experiments were performed at atmospheric pressure in temperature range from 10 to 250 °C. The water as a product of reduction was removed by cooling trap (−40 °C) installed before the thermal conductivity detector. The apparatus is described in more details elsewhere [61]. The reducing gas was 10% H2 in argon (dried by a trap with molecular sieve 5A at −40 °C). The flow rate was 24 mL·min−1 and the rate of linear temperature increasing was 15 °C·min−1. On the basis of Monti and Baiker criterion [62] the used amount of the tested sample was 0.05 g. The thermal conductivity detector was preliminary calibrated by reduction of various amounts of stoichiometric NiO to Ni0. The NiO was ‘analytical grade’. The deconvolution of complex TPR spectra of selected samples was performed on the basis of the simulation of the individual reduction processes and evaluation of their kinetic parameters. Munteanu et al. ([28] and references therein) have described in more details the procedure for kinetic parameters evaluation. Their analysis will be a topic for further study.




3.3. Catalytic Test in CBO


The catalytic test in CBO was performed at atmospheric pressure in temperature range from 150 to 320 °C using a microcatalytic continuous flow fixed bed reactor. The products were analyzed by gas chromatograph (Hewlett Packard 5890, Agilent 5890A series II, Germany, working with Agilent G2070 Chemstation Software, Germany) supplied with flame ionization detector and capillary HP Plot Q column, expedient for separating the eventual products of incomplete benzene oxidation. The used inlet benzene (≥99.9%, Sigma-Aldrich, Saint Louis, MO, USA) concentration in air was 42 g·m−3, which is about 10 times higher than the concentration typically found in industrial processes. The space velocity was 4000 h−1. The catalyst bed volume was 0.5 cm3. The catalyst amount and particles size (0.25–0.50 mm) were enough small in order to avoid the impact of bulk and pore diffusion.



The catalysts were pretreated “in situ” during 1 h in a flow of purified air at two different temperatures: 200 °C or 350 °C.





4. Conclusions


The results of complete benzene oxidation over gold catalysts on lightly Y-doped ceria supports prepared by CP or IM showed that the best performance was that of the catalyst on the IM support with a 1% Y-dopant amount. A positive role of air pretreatment at 350 °C as compared to 200 °C was established for all Y-containing catalysts and it was explained by cleaning the active sites from carbonates. A correlation between the catalytic activity and the amount of released oxygen, measured during O2-TPD of the corresponding gold catalysts, except for the 7.5% Y2O3 doping, was not established. Only in the last case did the oxygen supply become important and the observed dependence of the CBO activity on the preparation method was explained on the basis of the catalysts’ reducibility. The XPS results of fresh catalysts and those used in CBO revealed that the cationic gold species cannot be considered important for high CBO activity. The 100% benzene conversion was reached over the gold catalyst on the IM support with a 1% Y-dopant amount and Au/ceria; however, full conversion was not achieved over all other catalysts, even at 300 °C. The gold and ceria particle agglomeration or coke formation should be excluded as a possible reason. The most probable explanation could be associated with the importance of the benzene activation stage, along with the enhanced surface reoxidation of the most active catalyst.
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